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Abstract	  23	   The	   sequence	   diversity	   of	   viral	   populations	   within	   individual	   hosts	   is	   the	   starting	  24	   material	  for	  selection	  and	  subsequent	  evolution	  of	  RNA	  viruses	  such	  as	  foot-­‐and-­‐mouth	  25	   disease	  virus	  (FMDV).	  Using	  next-­‐generation	  sequencing	  (NGS)	  performed	  on	  a	  Genome	  26	   Analyzer	   platform	   (Illumina),	   this	   study	   compared	   the	   viral	   populations	   within	   two	  27	   bovine	  epithelial	  samples	  (foot	  lesions)	  from	  a	  single	  animal	  with	  the	  Inoculum	  used	  to	  28	   initiate	   experimental	   infection.	   Genomic	   sequences	   were	   determined	   in	   duplicate	  29	   sequencing	   runs,	   and	   the	   consensus	   sequence	   determined	   by	   NGS,	   for	   the	   Inoculum,	  30	   was	   identical	   to	   that	   previously	   determined	   using	   the	   Sanger	  method.	   However,	   NGS	  31	   reveals	   the	   fine	   polymorphic	   sub-­‐structure	   of	   the	   viral	   population,	   from	   nucleotide	  32	   variants	  present	  at	  just	  below	  50%	  frequency	  to	  those	  present	  at	  fractions	  of	  1%.	  Some	  33	   of	   the	   higher	   frequency	   polymorphisms	   identified	   encoded	   changes	   within	   codons	  34	   associated	   with	   heparan	   sulphate	   binding	   and	   were	   present	   in	   both	   feet	   lesions	  35	   revealing	   intermediate	   stages	   in	   the	   evolution	   of	   a	   tissue-­‐culture	   adapted	   virus	  36	   replicating	   within	   a	   mammalian	   host.	   We	   identified	   2,622,	   1,434	   and	   1,703	  37	   polymorphisms	   in	   the	   Inoculum,	   and	   in	   the	   two	   foot	   lesions	   respectively:	  most	  of	   the	  38	   substitutions	   occurred	   only	   in	   a	   small	   fraction	   of	   the	   population	   and	   represent	   the	  39	   progeny	   from	  recent	   cellular	   replication	  prior	   to	  onset	  of	   any	   selective	  pressures.	  We	  40	   estimated	  an	  upper	  limit	  for	  the	  genome-­‐wide	  mutation	  rate	  of	  the	  virus	  within	  a	  cell	  to	  41	   be	  7.8	  x	  10-­‐4	  per	  nt.	  	  The	  greater	  depth	  of	  detection,	  achieved	  by	  NGS,	  demonstrates	  that	  42	   this	   method	   is	   a	   powerful	   and	   valuable	   tool	   for	   the	   dissection	   of	   FMDV	   populations	  43	   within-­‐hosts.	  44	   	  45	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Introduction	  46	   RNA	  viruses	  evolve	  rapidly	  due	  to	  their	  large	  population	  size,	  high	  replication	  rate	  and	  47	   poor	  proof-­‐reading	  ability	  of	  their	  RNA-­‐dependent	  RNA	  polymerase.	  These	  viruses	  exist	  48	   as	   heterogeneous	   and	   complex	   populations	   comprising	   similar	   but	   non-­‐identical	  49	   genomes,	  but	  the	  evolutionary	  importance	  of	  this	  phenomenon	  remains	  unclear	  (15,	  16,	  50	   25).	  Consensus	  sequencing	  identifies	  the	  predominant	  or	  major	  viral	  sequence	  present	  51	   in	  a	  sample,	  but	  is	  uninformative	  about	  minority	  variants	  that	  are	  present.	  Evidence	  for	  52	   population	   heterogeneity,	   where	   individual	   sequences	   differ	   from	   the	   consensus	  53	   sequence,	   has	   been	   routinely	   obtained	   using	   cloning	   approaches	   (1,	   8),	   providing	  54	   insights	   into	   the	   evolutionary	   processes	   that	   shape	   viral	   populations.	   Unfortunately,	  55	   these	  cloning	  processes	  are	   laborious	  and	  usually	  provide	  only	  a	   limited	  resolution	  of	  56	   the	  mutant	  spectrum	  within	  a	  sample.	  57	   Next-­‐Generation	   Sequencing	   (NGS)	   techniques	   offer	   an	   unprecedented	   ‘step-­‐change’	  58	   increase	   in	   the	   amount	  of	   sequence	  data	   that	   can	  be	   generated	   from	  a	   sample.	  Albeit	  59	   mostly	   used	   for	   de-­‐novo	   sequencing	   of	   large	   genomes,	   NGS	   can	   be	   applied	   to	   re-­‐60	   sequence	  short	  viral	  genomes	  to	  obtain	  an	  ultra-­‐deep	  coverage.	  Therefore,	  NGS	  has	  the	  61	   potential	  to	  provide	  information	  beyond	  the	  consensus	  for	  a	  viral	  sample	  by	  revealing	  62	   nucleotide	   substitutions	   present	   in	   only	   a	   small	   fraction	   of	   the	   population.	   Several	  63	   studies	  have	  previously	  used	  the	  454	  pyrosequencing	  platform	  (Roche	  Applied	  Science)	  64	   to	  detect	  minority	  sequence	  variants	   for	  human	  viruses	  such	  as	  HIV-­‐1	  (17,	  22,	  29,	  36,	  65	   42,	  45,	  47),	  hepatitis	  B	  (32,	  43),	  hepatitis	  C	  (48)	  and	  attenuated	  virus	  (46).	  A	  promising	  66	   alternative	  to	  454,	  is	  reversible	  terminator-­‐based	  sequencing	  chemistry	  utilized	  by	  the	  67	   Illumina	  sequencing	  platform	  (Genome	  Analyzer	  II).	  The	  lower	  costs	  of	  the	  runs	  and	  the	  68	   higher	   throughput	   of	   this	   NGS	   approach	   are	   likely	   to	   make	   it	   widely	   used	   for	   deep-­‐69	   sequencing	  genomic	  investigations	  in	  the	  future	  (41).	  Illumina	  sequencing	  was	  recently	  70	   used	  to	  obtain	  sequences	  of	  West	  Nile	  Virus,	   through	  virus-­‐derived	  siRNA	  (3),	  mutant	  71	   viruses	  of	  severe	  acute	  respiratory	  syndrome	  (14),	  and	  human	  rhinovirus	  (7).	  72	   The	   aim	   of	   this	   study	   was	   to	   explore	   the	   extent	   to	   which	   the	   Illumina	   sequencing	  73	   platform	  can	  be	  used	   to	   characterize	  and	  monitor	   changes	   in	  viral	   sequence	  diversity	  74	   that	  occurs	  during	  replication	  of	  a	  positive-­‐stranded	  RNA	  virus	  within	  a	  host.	  This	  study	  75	   uses	   NGS	   to	   dissect	   foot-­‐and-­‐mouth	   disease	   virus	   (FMDV)	   within-­‐host	   population	  76	   structure,	   at	   a	   depth	   unobtainable	   by	   previous	   cloning	   techniques.	   Belonging	   to	   the	  77	  
Picornaviridae	   family,	  FMDV	  is	  highly	  infectious	  causing	  vesicular	  lesions	  in	  the	  mouth	  78	   and	   on	   the	   feet	   of	   cloven-­‐hoofed	   animals.	   The	   samples	   analysed	   here	  were	   collected	  79	   during	  an	  infection	  experiment,	  in	  which	  a	  bovine	  host	  was	  inoculated	  with	  FMDV.	  We	  80	   developed	   a	   protocol	   that	   enabled	   identification	   of	   artifacts	   introduced	   during	  81	   amplification	   and	   sequencing	   which	   was	   used	   to	   validate	   and	   quantify	   the	   minority	  82	   sequence	  variants	  that	  were	  detected.	  In	  particular,	  we	  expected	  to	  see	  evidence	  for	  the	  83	   reversion	  of	  capsid	  amino	  acid	  residues	  responsible	  for	  heparan	  sulphate	  (HS)	  binding	  84	   associated	  with	   replication	   of	   a	   cell	   culture	   adapted	   strain	   of	   FMDV	   in	   a	  mammalian	  85	   host	   (20,	   37).	  Although	   this	   study	  was	   conducted	  using	  FMDV,	  we	   anticipate	   that	   the	  86	   features	   we	   observe	  may	   be	   broadly	   representative	   of	   populations	   found	   in	   samples	  87	   obtained	  from	  other	  positive-­‐stranded	  RNA	  viruses.	  	  88	  
Materials	  and	  Methods	  89	  
Sample	  preparation	  and	  genome	  amplification	  	  90	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The	  samples	  analysed	  were	  collected	  during	  an	  infection	  experiment,	  in	  which	  a	  single	  91	   bovine	  host	  was	  inoculated	  intradermolingually	  with	  a	  dose	  of	  105.7	  50%	  tissue	  culture	  92	   infective	  doses	  (TCID50)	  of	  FMDV	  (O1BFS	  1860).	  The	  full-­‐length	  FMDV	  genome	  sequence	  93	   of	   this	   sample	  had	  been	  previously	  determined	  using	   Sanger	   sequencing	   (EU448369)	  94	   and	  was	  used	  as	   a	   reference	  genome	   in	   this	   study.	  The	   Inoculum	  was	  derived	   from	  a	  95	   bovine	  tongue	  vesicle	  specimen	  that	  had	  been	  passaged	  extensively	  in	  cell	  culture	  (9).	  	  96	   Total	  RNA	  (TRIzol,	  Invitrogen,	  Paisley,	  UK)	  was	  extracted	  from	  a	  sample	  of	  the	  Inoculum	  97	   as	  well	  as	  two	  10%	  tissue	  suspensions	  prepared	  from	  epithelial	  lesions	  (front	  left	  foot	  98	   [FLF]	  and	  back	  right	   foot	   [BRF])	  collected	   from	  the	  animal	  at	  2	  days	  post	   inoculation.	  99	   Reverse	   transcription	   was	   performed	   using	   an	   enzyme	   with	   high	   specificity	  100	   (Superscript	  III	  reverse	  transcriptase,	  Invitrogen),	  and	  an	  oligo-­‐dT	  primer	  (see	  Table	  1).	  101	   For	   each	   sample,	   two	  PCR	   reactions	   generating	   long	   overlapping	   fragments	   (4557	  bp	  102	   and	   4317	   bp	   respectively)	   were	   carried	   out	   using	   a	   proof-­‐reading	   enzyme	   mixture	  103	   (Platinum	   Taq	   Hi-­‐Fidelity,	   Invitrogen).	   For	   biosecurity	   reasons	   these	   individual	  104	   fragments	  together	  comprised	  <80%	  of	  the	  complete	  FMDV	  genome,	  and	  corresponded	  105	   to	   nts	   351-­‐4909	   and	   3859-­‐8176	   of	   EU448369.	   This	   enabled	   the	   amplified	  DNA	   to	   be	  106	   transported	  outside	  of	  the	  high	  containment	  FMD	  laboratory	  for	  sequencing	  at	  The	  Sir	  107	   Henry	   Wellcome	   Functional	   Genomics	   Facility	   (University	   of	   Glasgow).	   The	   samples	  108	   were	  amplified	  using	  the	  following	  cycling	  programme:	  94	  ˚C	  for	  5	  min,	  followed	  by	  94	  109	   ˚C	  for	  30	  s,	  55	  ˚C	  for	  30	  s	  and	  70	  ˚C	  for	  4	  min,	  with	  a	  final	  step	  of	  72	  ˚C	  for	  7	  min.	  For	  each	  110	   RNA	   sample,	   the	   number	   of	   PCR	   cycles	   used	  was	   optimized	   (using	   parallel	   reactions	  111	   undertaken	   using	   Picogreen)	   such	   that	   products	  were	   collected	   from	   the	   exponential	  112	   part	   of	   the	   amplification	   curve	   prior	   to	   the	   plateau	   phase.	   Once	   established	   for	   each	  113	   sample,	   the	   same	   optimized	   cycle	   number	   was	   used	   for	   both	   runs.	   Individual	   PCR	  114	   products	  were	  visualized	  using	  agarose-­‐gel	  electrophoresis	  and	  quantified	  (Nanodrop,	  115	   Labtech),	   after	   which	   the	   concentrations	   of	   each	   PCR	   fragment	   were	   adjusted	   to	  116	   equimolar	  ratios	  for	  each	  of	  the	  three	  samples	  prior	  to	  sequence	  analysis.	  We	  repeated	  117	   the	  PCR	  of	   the	  original	   reverse-­‐transcribed	  sample	   in	  order	   to	  obtain	  an	   independent	  118	   replica	  of	  the	  amplified	  sample.	  The	  number	  of	  viral	  RNA	  copies	  put	  into	  the	  initial	  PCR	  119	   reaction	  was	  established	  by	  quantitative	  PCR	  for	  each	  of	  the	  samples	  (4).	  	  120	  
Next	  Generation	  sequencing	  	  121	   Sequencing	  was	  carried	  out	  on	  the	  Genome	  Analyzer	  II	  platform	  (Illumina).	  Briefly,	  DNA	  122	   was	  fragmented	  using	  sonication	  and	  the	  resultant	  fragment	  distribution	  assessed	  by	  an	  123	   Agilent	  BioAnalyzer	  2100.	  After	  size	  selection	  of	  fragments	  between	  300	  and	  400	  bp,	  a	  124	   library	  of	  purified	  genomic	  DNA	  was	  prepared	  by	   ligating	  adapters	  onto	   the	   fragment	  125	   ends	  to	  generate	  flow-­‐cell	  suitable	  templates.	  A	  unique	  6-­‐nt	  sequence	  index,	  or	  ‘tag’	  for	  126	   identification	   during	   analysis,	   was	   added	   to	   each	   sample	   by	   PCR.	   Once	   the	  127	   adapter/index	   modified	   fragments	   were	   pooled	   and	   attached	   to	   the	   flow-­‐cell	   by	  128	   complimentary	   surface-­‐bound	   primers,	   isothermal	   ‘bridging’	   amplification	   formed	  129	   multiple	   DNA	   ‘clusters’	   for	   reversible-­‐terminator	   sequencing,	   yielding	   reads	   of	   50	  130	   nucleotides.	  We	  conducted	  two	  sequencing	  runs:	  in	  the	  first,	  we	  sequenced	  on	  a	  single	  131	   lane	   the	   three	  amplified	  viral	  populations	   (Inoculum,	  FLF	  and	  BRF)	  after	   tagging.	  The	  132	   second	   run	   was	   performed	   on	   a	   different	   flow	   cell:	   again,	   we	   sequenced	   the	   same	  133	   populations	   on	   a	   single	   lane,	   using	   a	   second,	   independent	   amplification	   of	   the	   three	  134	   original	   cDNAs.	   The	   second	   run	   was	   performed	   after	   the	   Illumina	   Genome	   Analyzer	  135	   went	  through	  an	  upgrade	  and	  was	  able	  to	  deliver	  longer	  reads	  of	  70	  nucleotides.	  	  136	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Data	  filtering	  137	   In	  order	  to	  make	  direct	  comparisons	  between	  the	  two	  runs,	  we	  trimmed	  reads	  from	  the	  138	   second	  run	  to	  50nt.	  Typically,	  quality	  scores	  decreased	  along	  a	  read,	  as	  the	  reliability	  of	  139	   the	   sequencing	   process	   decreased	   with	   the	   number	   of	   cycles	   of	   the	   Sequencing	  140	   Platform.	   The	   second	   run	   yielded	   much	   better	   qualities	   following	   an	   upgrade	   of	   the	  141	   Illumina	   platform.	   For	   both	   runs,	   reads	   with	   average	   error	   per	   nt	   below	   a	   fixed	  142	   threshold	   (θ = 0.2%) were	   discarded	   to	   generate	   a	   flatter	   error	   profile	   along	   the	   read	  143	   (see	   Appendix	   and	   Figure	   A1).	   The	   first	   and	   last	   5	   nts	   of	   each	   aligned	   read	   were	  144	   removed	   from	   the	   analysis	   as	   they	   showed	   a	   higher	   number	   of	   mismatches	   to	   the	  145	   reference	  sequence	  due	  to	  insertions	  or	  deletions	  close	  to	  the	  edges	  of	  the	  reads	  (Figure	  146	   A2).	  More	  details	  can	  be	  found	  in	  Appendix.	  147	  
Validation	  and	  analysis	  of	  sequence	  diversity	  in	  the	  samples	  148	   The	   frequency	   of	   site-­‐specific	   polymorphisms	   was	   estimated	   from	   the	   frequency	   of	  149	   mismatches	   of	   the	   aligned	   reads	   to	   the	   reference	   genome.	   A	   proportion	   of	   these	  150	   mismatches	   was	   expected	   to	   be	   artifactual,	   arising	   from	   a	   base	   mis-­‐calling	   in	   the	  151	   sequencing	  process,	  or	  from	  a	  PCR	  error	  in	  the	  amplification	  of	  the	  sample.	  	  In	  order	  to	  152	   identify	  polymorphisms	  arising	  from	  possible	  base	  mis-­‐calls	  in	  the	  sequencing	  reaction,	  153	   we	  used	  the	  quality	  score	  of	  each	  nucleotide	  read	  to	  compute	  the	  average	  probability	  of	  154	   a	   sequencing	   error,	   pi,	   at	   each	   site	   i.	   Typical	   values	   of	   pi	   are	   around	   0.1%.	   Assuming	  155	   sequencing	  errors	  to	  be	  independent,	  we	  computed	  the	  expected	  number	  of	  such	  errors	  156	   as	  the	  mean	  of	  the	  binomial	  distribution	  B(x;	  pi,	  ni),	  where	  ni	  is	  the	  coverage	  of	  site	  i.	  If	  157	   the	  observed	  number	  of	  mismatches	  exceeded	  this	  expected	  number	  of	  errors	   in	  both	  158	   runs	   then	   we	   excluded	   the	   possibility	   of	   a	   sequencing	   error.	   On	   the	   other	   hand,	   we	  159	   hypothesize	  that	  the	  probability	  that	  PCR	  errors	  in	  both	  runs	  independently	  generated	  160	   identical	   base	   changes	   at	   the	   same	   site	   is	   very	   low.	   Based	   on	   values	   quoted	   for	   the	  161	   enzymes	  used,	  we	  estimated	  that	  the	  error	  rate	  for	  the	  combined	  RT-­‐PCR	  amplification	  162	   process	   to	   be	   7.7x10-­‐6	   per	   base	   pair	   copied	   (2,	   31,	   38).	   We	   therefore	   defined	  163	   polymorphic	  sites	  that	  could	  not	  be	  attributed	  to	  sequencing	  errors	  and	  at	  which	  both	  164	   the	  most	   common	  and	   second	  most	   common	  nucleotides	  were	   the	   same	  between	   the	  165	   two	   runs	   to	   be	   ‘qualitatively	   validated	   sites’.	   For	   each	   site	   in	   the	   set	   of	   qualitatively	  166	   validated	   polymorphisms,	   we	   computed	   the	   95%	   confidence	   intervals	   for	   the	  167	   polymorphism	  frequency	  using	  the	  binomial	  distribution	  above.	  If	  the	  95%	  confidence	  168	   intervals	  from	  each	  run	  overlapped,	  we	  defined	  the	  polymorphism	  frequency	  estimates	  169	   from	  the	  two	  runs	  to	  be	  in	  quantitative	  agreement.	  170	   We	   assessed	   the	   quantitative	   repeatability	   of	   site-­‐specific	   polymorphism	   frequency	  171	   estimates	   by	   calculating	   Spearman	   Rank	   correlation	   coefficients	   between	  172	   polymorphism	  frequencies	  in	  the	  samples	  within	  each	  run	  and	  between	  polymorphism	  173	   frequencies	  from	  runs	  1	  and	  2.	  	  174	   We	   counted	   the	   number	   of	   transitions	   (Ts)	   and	   transversions	   (Tv)	   observed	   at	  175	   qualitatively	   validated	   sites	   across	   the	   genome,	   we	   computed	   κ=2Ts/Tv,	   and	   the	  176	   relative	  distribution	  of	  mutations	  across	  the	  1st,	  2nd,	  and	  3rd	  codon	  positions	  across	  the	  177	   open	   reading	   frame	   (ORF).	   We	   obtained	   an	   estimate	   for	   dN/dS	   as	   follows:	   for	   each	  178	   codon	  of	  the	  reference	  ORF,	  we	  computed	  the	  expected	  number	  of	  synonymous	  (si)	  and	  179	   non-­‐synonymous	   sites	   (ni)	   and,	   for	   each	   read	   j	   spanning	   that	   codon,	   the	   number	   of	  180	   observed	   synonymous	   (srij)	   and	   non-­‐synonymous	   substitutions	   (nrij).	   Using	   all	   the	  181	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codons	   where	   si>0,	   we	   then	   obtained	   an	   estimate	   of	   the	   number	   of	   synonymous	  182	   substitutions	   per	   synonymous	   site	   (pS)	   and	   non-­‐synonymous	   substitutions	   per	   non-­‐183	   synonymous	   site	   (pN):	   	   (and	   analogously	   for	   pN)	   ,where	  mi	   is	   the	  184	   number	  of	   reads	  covering	  codon	   i	  and	  ncod	   is	   the	   total	  number	  of	   codons	   in	   	   the	  ORF.	  185	   From	  pN	  and	  pS	  we	  obtained	  dN/dS	  according	  to	  (34).	  	  186	   We	  calculated	  the	  number	  of	  validated	  sites	  at	  which	  STOP-­‐codons	  are	  observed	  within	  187	   the	  reading	  frame,	  and	  used	  these	  count	  to	  estimate	  an	  upper	  limit	  on	  the	  mutation	  rate.	  188	   Let	  ni	  be	  the	  coverage	  at	  the	  ith	  nucleotide	  position,	  and	  let	  xi,obs	  be	  the	  number	  of	  reads	  189	   indicating	   a	   STOP	   codon	   at	   the	   ith	   position.	   Assuming	   independence,	   the	   probability	  190	   density	  function	  describing	  the	  number	  of	  mutations,	  xi,	  that	  might	  be	  observed	  at	  site	  i	  191	   is	  the	  binomial	  B(xi;λ,ni)	  where	  λ	  is	  the	  mutation	  frequency,	  corresponding	  to	  mutations	  192	   accumulated	  at	  a	  site	  during	  a	  single	  cellular	  passage.	  The	  maximum	  likelihood	  estimate	  193	   of	  λ	   is 	   (18).	  Using	  a	   flat	   conjugate	  prior	  distribution	   (beta	   function	  with	  194	   shape	   parameters	   set	   to	   1),	   we	   obtained	   confidence	   intervals	   for	   λ	   from	   the	  195	   corresponding	   posterior	   distribution	   (beta	   function	   with	   parameters	   	   and	  196	   	  (21)).	  Assuming	  an	  equal	  probability	  for	  each	  mutation,	  λ	  is	  related	  to	  197	   the	  mutation	  rate	  µ	  (per	  nucleotide,	  per	  single	  copying	  event)	  via	  the	  relation	   	  198	   (44),	   where	   g	   is	   the	   number	   of	   transcription	   generations	   (positive	   -­‐>	   negative	   -­‐>	  199	   positive)	  the	  virus	  underwent	  in	  the	  cell.	  Here,	  we	  assume	  g=1,	  which	  corresponds	  to	  a	  200	   stamping	   machine	   replication	   strategy	   and	   therefore	   to	   the	   minimum	   number	   of	  201	   copying	  events	   in	  a	  cell.	  a	   is	  a	   factor	  weighting	   the	   fraction	  of	  mutations	  generating	  a	  202	   STOP	   codon	   among	   all	   the	   possible	   changes	   that	   could	   arise	   at	   a	   single	   nucleotide	  203	   position:	  we	  only	  consider	  sites	  whose	  mutations	  can	  lead	  to	  a	  STOP	  codon.	  Among	  the	  204	   18	  codons	   that	  are	  one	  mutation	  away	   from	  a	  STOP,	  5	  of	   them	  (UCA,	  UUA,	  UAC,	  UAU,	  205	   UGG)	   can	   reach	   a	   STOP	   codon	   through	   either	   two	   different	   mutations	   to	   the	   same	  206	   position,	   or	   a	   single	   mutation	   to	   one	   of	   two	   different	   positions.	   Assuming	   the	   same	  207	   probability	   for	   each	   of	   the	   3	   nucleotide	   mutations,	   we	   obtain	   then	   a	   =	  208	   (4*2+15*1)/(3*19)	  =	  0.4035.	  209	   Randomizations	  were	  conducted	  whereby	  we	  assembled	  putative	  ‘clones’	  from	  the	  read	  210	   data	   by	   sampling	   nucleotides	   randomly	   from	   (qualitatively	   validated)	   nucleotide	  211	   frequencies	  observed	  at	  each	  site	  along	  the	  genome.	  	  We	  computed	  the	  median	  number	  212	   of	   observed	   nucleotide	   substitutions	   (those	   differing	   from	   the	   consensus	   of	   the	  213	   resampled	   clones)	   in	   sets	   of	   26	   independently	   such	   assembled	   clones	   and	   these	  214	   numbers	  were	  compared	  with	  equivalent	  numbers	   from	  real	   clones	  obtained	   from	  an	  215	   individual	  cow	  naturally	  infected	  with	  FMDV	  (8).	  216	   The	  complexity	  of	  the	  viral	  populations	  was	  characterized	  by	  computing	  the	  entropy	  of	  217	   the	  viral	  populations:	   	  	  where	  N	  is	  the	  number	  of	  sites	  and	  piX	  is	  218	   the	   fraction	   of	   reads	   bearing	   nt	   X	   at	   site	   i.	   The	   entropy	   measures	   the	   amount	   of	  219	   “disorder”	  in	  the	  population,	  and	  it	  is	  maximum	  at	  a	  site	  when	  all	  four	  bases	  are	  equally	  220	   represented.	  221	   	  222	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Results	  	  223	   In	   this	   section,	   we	   discuss	   the	   results	   of	   the	   Illumina	   sequencing	   of	   three	   FMDV	  224	   populations:	  the	  Inoculum	  (field	  sample	  O1/BFS1860/UK/67,	  used	  to	  artificially	  infect	  a	  225	   bovine	  host),	  and	  two	  lesions	  developed	  on	  two	  different	  feet	  of	  the	  host,	  2	  days	  after	  226	   inoculation.	  227	  
Description	  and	  filtering	  of	  Illumina	  data	  	  228	   Sequences	  from	  the	  Illumina	  Genome	  Analyzer	  platform	  consist	  of	  a	  collection	  of	  several	  229	   million	   short	   reads.	   Sequencing	  was	   repeated	   following	   independent	   amplification	   of	  230	   cDNA	  generated	  through	  PCR.	  In	  the	  first	  run	  ~8%	  of	  the	  reads	  were	  discarded	  because	  231	   of	  unresolved	  nucleotides	  or	  corrupted	  tags.	  In	  the	  second	  run,	  ~3%	  of	  the	  reads	  were	  232	   discarded.	  Each	  nucleotide	  (nt)	  of	  each	  read	  is	  characterized	  by	  a	  quality	  score,	  which	  233	   quantifies	   the	  reliability	  of	   the	  base-­‐calling	  process	  during	   the	  sequencing.	  Only	  reads	  234	   whose	   average	   error	   per	   nt	  was	   below	  0.2%	   (66%	   for	   the	   first	   run	   and	   95%	   for	   the	  235	   second	  run)	  were	  considered	  for	  this	  analysis.	  Further	  details	  about	  the	  reads	  and	  the	  236	   filtering	  process	  can	  be	  found	  in	  the	  Appendix.	  	  237	  
Coverage	  and	  consensus	  genomes	  238	   Reads	   that	  passed	   the	  quality	   test	  were	  aligned	  to	   the	  consensus	  genome	  sequence	  of	  239	   the	  starting	  material	  from	  which	  the	  Inoculum	  was	  prepared	  (see	  Appendix).	  The	  mean	  240	   coverage	  of	  the	  reference	  genome	  in	  the	  first	  run	  was	  4863x	  for	  the	  Inoculum,	  8665x	  for	  241	   the	  Front	  Left	  Foot	  (FLF)	  sample	  and	  6594x	  for	  the	  Back	  Right	  Foot	  (BRF)	  respectively,	  242	   while	  for	  the	  second	  run	  it	  was	  16827x	  for	  the	  Inoculum,	  11924x	  for	  FLF	  and	  15945x	  243	   for	  BRF	  (Figure	  1A,	  B).	  For	  some	  samples	  (Inoculum	  and	  BRF,	  first	  run	  and	  FLF,	  second	  244	   run),	   the	   coverage	   for	   the	   two	   PCR	   fragments	   composing	   the	   viral	   genome	   was	   not	  245	   equal.	  More	  details	  on	  the	  statistics	  of	  the	  Illumina	  yield	  can	  be	  found	  in	  the	  Appendix.	  246	   We	  obtained	  consensus	  genomes	  for	  each	  sample,	  by	  identifying,	  site	  by	  site,	  the	  most	  247	   abundant	  nucleotide	  in	  the	  aligned	  reads.	  As	  expected,	  the	  consensus	  for	  the	  Inoculum	  248	   exactly	   matched	   the	   reference	   genome	   at	   all	   sites.	   For	   FLF,	   both	   runs	   indicated	   two	  249	   substitutions	   (nt	   2767,	   G−>A,	   and	   nt	   8140,	   G−>T).	   For	   BRF	   sample,	   the	   two	   runs	  250	   suggested	   slightly	   different	   consensus	   sequences:	   the	   first	   run	   revealed	   five	  251	   substitutions	   (nt	   2767,	   G−>A,	   nt	   3138,	   G−>A,	   nt	   5138,	   T−>C,	   nt	   7354,	   C−>T,	   nt	   8134,	  252	   C−>T),	  whereas	  the	  second	  run	  had	  none.	  However,	  at	  position	  8134	  about	  30%	  of	  the	  253	   reads	  in	  the	  second	  run	  showed	  a	  T	  in	  place	  of	  a	  C,	  and	  at	  position	  2767	  5%	  of	  the	  reads	  254	   had	  an	  A	  in	  place	  of	  a	  T.	  At	  the	  remaining	  3	  sites,	  the	  second	  run	  had	  a	  small	  number	  of	  255	   reads	  confirming	  the	  polymorphism	  found	  in	  the	  first	  run.	  This	  result	  indicates	  that	  the	  256	   same	   pattern	   of	   variation	   is	   present	   in	   both	   runs,	   although	   the	   frequency	   of	   the	  257	   mutations	   is	   not	   in	   quantitative	   agreement	   across	   the	   two	   runs	   for	   BRF.	   Finally,	   the	  258	   second	  run	  showed	  an	  almost-­‐consensus	  substitution	  in	  49.9%	  of	  the	  reads	  (nt	  2754	  C-­‐259	   >T),	  which	  was	  present	  at	  a	  10%	  frequency	  in	  the	  first	  run.	  260	  
Validation	  of	  polymorphic	  sites	  261	   Mismatch	   frequencies,	  obtained	  by	   showing	   site	  by	   site	   the	   fraction	  of	   reads	  differing	  262	   from	   the	   consensus	   genome,	   are	   shown	   in	   Figure	   2	   (first	   run)	   and	   Figure	   3	   (second	  263	   run).	   An	   evident	   correlation	   is	   present	   between	   the	   regions	   of	   the	   sample	   genomes	  264	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receiving	  low	  coverage	  and	  those	  with	  the	  largest	  fraction	  of	  sites	  showing	  no	  variation	  265	   (Figs.	   2A,	   second	   half,	   2C,	   first	   half	   and	   3B,	   first	   half).	   Using	   these	   raw	   data,	   and	  266	   considering	  only	  sites	  receiving	  coverage	  of	  100x	  or	  more,	  we	  found	  polymorphisms	  at	  267	   7,755	   sites	   in	   the	   Inoculum,	   7,730	   in	   FLF	   and	   7,710	   in	   BRF,	   out	   of	   the	   7,825	   nt	  268	   sequenced.	  	  While	  a	  few	  sites	  exhibited	  higher	  levels	  of	  polymorphism,	  the	  vast	  majority	  269	   of	  sites	  displayed	  a	  mismatch	  frequency	  around	  0.1%.	  270	   After	  screening	   for	  possible	  PCR	  and	  sequencing	  artefacts,	  we	   found	  that	  qualitatively	  271	   validated	  polymorphisms	  were	  present	  at	  2,622	  sites	  for	  the	  Inoculum,	  1,434	  in	  FLF	  and	  272	   1,703	  for	  BRF.	  The	  different	  consensus	  genomes	  obtained	  for	  BRF	  in	  the	  two	  runs	  can	  273	   be	  in	  part	  reconciled	  by	  noting	  that	  all	  six	  substitutions	  observed	  (nt	  2754,	  2767,	  3138,	  274	   5138,	   7354,	   8134)	   are	   qualitatively	   validated	   in	   each	   run.	   We	   observed	   2,469	  275	   quantitatively	   validated	   sites	   in	   the	   Inoculum	   (94%	   of	   qualitatively	   validated	   sites),	  276	   1,303	  sites	  from	  the	  FLF	  (91%	  of	  qualitatively	  validated	  sites)	  and	  1,528	  sites	  (90%	  of	  277	   qualitatively	  validated	  sites)	  from	  the	  BRF	  	  278	   Site-­‐specific	   polymorphism	   (SSP)	   frequency	   at	   qualitatively	   validated	   sites	   was	  279	   correlated	  between	  the	  two	  runs	  for	  each	  of	  the	  three	  samples	  (Figure	  4).	  The	  intra-­‐run	  280	   correlation	  for	  run	  1	  (Spearman	  Rank	  correlation:	  0.64	  [Inoc-­‐FLF],	  0.55	  [Inoc-­‐BRF]	  and	  281	   0.60	   [FLF-­‐BRF])	  was	   higher	   than	   run	   2	   (Spearman	  Rank	   correlation:	   0.40	   [Inoc-­‐FLF],	  282	   0.43	  [Inoc-­‐BRF]	  and	  0.42	  [FLF-­‐BRF]).	  The	  reason	  for	  the	  poor	  intra-­‐run	  correlation	  for	  283	   run	  2	  is	  unclear.	  The	  number	  of	  viral	  RNA	  copies	  present	  in	  the	  initial	  PCR	  reactions	  was	  284	   found	   to	   be	   large	   (3.2x109	   for	   the	   Inoculum,	   6.4x108	   for	   FLF	   and	   2.4x108	   for	   BRF):	  285	   assuming	   that	   the	   PCR	   process	   amplifies	   all	   genomes	   with	   the	   same	   probability,	   the	  286	   probability	  of	  resequencing	  the	  same	  genome	  is	  exceedingly	  low	  (<10-­‐5),	  thus	  excluding	  287	   the	  possibility	  of	  biases	  due	  to	  low	  viral	  load	  in	  the	  RNA.	  However,	  relative	  to	  run	  1,	  run	  288	   2	  yielded	  consistently	  lower	  amounts	  of	  DNA	  library	  concentrations	  per	  sample	  prior	  to	  289	   sequencing	  (3.4	  vs	  4.9	  ng/µl,	  3.7	  vs	  10.6	  and	  3.4	  vs	  9.5	  ng/µl	  ng/µl	  for	  the	  inoculum,	  FLF	  290	   and	  BRF	   respectively):	   and	   this	  may	  have	   contributed	   to	   the	  differences	   between	   the	  291	   two	   consensus	   sequences.	   Despite	   the	   discrepancy	   in	   frequency	   of	   these	   mutations	  292	   between	   runs,	   the	   fact	   that	   the	   same	  mutations	   are	   present	   at	   the	   same	   qualitatively	  293	   validated	  sites	  in	  both	  runs	  provides	  confidence	  that	  the	  mutations	  are	  genuine	  and	  not	  294	   artifacts.	   The	   intra-­‐run	   correlation,	   together	   with	   the	   high	   fraction	   of	   quantitative	  295	   validation	   among	   the	   qualitatively	   validated	   SSPs	   provides	   sound	   evidence	   that	   nt	  296	   changes	   are	   linked	   between	   the	   different	   samples.	   Inter-­‐run	   correlation	   between	   the	  297	   samples	   (Spearman	   Rank	   correlation:	   0.34	   vs	   0.44	   and	   0.50)	   indicates	   that	   validated	  298	   polymorphisms	  are	  unlikely	  to	  be	  artifacts.	  	  299	  
Distribution	  of	  polymorphisms	  across	  the	  genome	  300	   There	  were	  12	  SSPs,	  whose	  average	  frequency	  between	  the	  two	  runs	  is	  above	  1%	  in	  the	  301	   Inoculum,	   19	   in	   FLF,	   and	   25	   in	   BRF	   (see	   Supplementary	   Table).	   Some	   of	   these	  were	  302	   clustered	  in	  the	  capsid	  protein	  region	  (beginning	  of	  protein	  VP3)	  (1	  in	  the	  Inoculum,	  4	  303	   in	  FLF	  and	  5	  in	  BRF)	  and	  in	  the	  3’	  untranslated	  region	  	  (UTR)	  (6	  in	  the	  Inoculum,	  5	  in	  304	   FLF	   and	  6	   in	  BRF).	  Where	   single	   reads	   spanning	   these	   sites	  within	   the	  VP3	  or	  3’UTR	  305	   were	  available,	  there	  was	  no	  evidence	  that	  that	  these	  mutations	  were	  linked	  together	  on	  306	   individual	  FMDV	  genomes.	   In	  particular,	   the	   first	  cluster	  was	  shared	  between	  the	   two	  307	   foot	   samples	   and	   corresponded	   to	   changes	   encoding	   amino	   acid	   residues	   associated	  308	   with	   heparan	   sulphate	   (HS)	   binding.	   The	   Inoculum	   used	   in	   this	   experiment	   had	  309	   undergone	  extensive	  cell	   culture	  passage	  and,	   in	   common	  with	  other	   in-­‐vitro	  adapted	  310	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viruses,	   utilizes	   HS	   as	   a	   cellular	   receptor	   (27).	   Subsequent	   replication	   in	  mammalian	  311	   hosts	  drives	  the	  reversion	  of	  positively	  charged	  amino	  acid	  residues	  at	  specific	  sites	  in	  312	   the	  viral	  capsid	  (20,	  37).	  A	  consensus	  level	  substitution	  (>50%)	  exists	  within	  both	  feet	  313	   samples	   of	   run	   1	   compared	   to	   the	   reference	   sequence	   (see	   above	   and	   the	  314	   Supplementary	   Table).	   This	   polymorphism	   corresponded	   to	   a	   change	  within	   the	   60th	  315	   codon	   of	   protein	   VP3	   (VP360).	   Although	   below	   the	   level	   of	   the	   consensus	   sequence,	  316	   additional	   qualitatively	   validated	   SSPs	   that	   were	   present	   in	   both	   feet	   samples	   were	  317	   detected	  at	  four	  further	  sites	  (VP2134,	  two	  codon	  positions	  within	  VP356	  and	  VP359)	  that	  318	   impact	  on	  the	  ability	  of	  FMDV	  to	  bind	  HS.	  All	  but	  one	  of	  the	  mutations	  clustered	  within	  319	   the	  3’	  UTR	  of	   the	   three	   samples	  were	   located	  within	   the	   first	   four	  RNA-­‐RNA	  pairings	  320	   either	  side	  of	  the	  apex	  of	  a	  conserved	  stem-­‐loop.	  This	  structure,	  one	  of	  two	  stem-­‐loops	  321	   previously	  predicted	  for	  FMDV	  and	  other	  picornaviruses	  (6)	  (33)	  is	  thought	  to	  generate	  322	   long-­‐distance	  RNA-­‐RNA	   interactions	   that	  may	   impact	   upon	   viral	   replication	   (40).	   The	  323	   presence	  of	  shared	  mutations	  between	  the	  two	  foot	  samples	  suggests	  a	  common	  history	  324	   for	   the	  viruses	   arising	   as	   a	   result	   of	   the	   shared	   route	  of	   intra-­‐host	   transmission	   from	  325	   initial	   replication	   sites	   in	   the	   tongue	   to	   epithelial	   sites	   in	   the	   feet	   via	   the	   blood.	  	  326	   However	   an	   alternative	   explanation	  –	   that	   the	   virus	   is	   subject	   to	   a	   common	   selection	  327	   pressure	  in	  both	  sites	  cannot	  be	  ruled	  out.	  328	  
Frequency	  of	  site-­specific	  polymorphisms	  329	   Some	   variability	   was	   present	   almost	   everywhere	   on	   the	   genome.	   Above	   minimum	  330	   coverage	  of	  100x,	  only	  61	  sites	  exhibited	  no	  polymorphism	  (0.79%)	  in	  the	  Inoculum,	  59	  331	   (0.76%)	   in	   FLF	   and	   49	   (0.64%)	   in	   BRF.	   These	   sites	   received	   relatively	   low	   coverage,	  332	   suggesting	  that	  the	  absence	  of	  observed	  genetic	  variability	  may	  be	  due	  to	  lack	  of	  power	  333	   to	  detect	   it.	  By	  grouping	  the	  site-­‐specific	  polymorphism	  frequencies	  into	  discrete	  bins,	  334	   we	  can	  examine	  the	  proportion	  of	  sites	  experiencing	  different	  polymorphic	  frequencies	  335	   and	   thereby	   obtain	   a	   comprehensive	   picture	   of	   the	   heterogeneity	   in	   the	   viral	  336	   populations	   (Figure	   5).	   Across	   the	   three	   samples,	   most	   sites	   exhibit	   a	   range	   of	   low-­‐337	   frequency	   SSPs	   between	   0.01%	   -­‐	   1%.	   Only	   a	   few	   sites	   showed	   higher	   frequency	  338	   polymorphism,	  and	  these	  sites	  were	  more	  numerous	  for	  the	  samples	  from	  the	  feet	  than	  339	   from	   the	   Inoculum,	   indicating	   the	   generation	   of	   new	   high-­‐frequency	   substitutions	  340	   during	   the	  host	  passage.	  The	  dashed	   lines	   (Figure	  5)	  correspond	   to	   the	  same	  analysis	  341	   restricted	  to	  qualitatively	  validated	  sites	  and	  reveal	  a	  similar	  pattern.	  	  342	  
Statistics	  of	  polymorphic	  sites	  343	   NGS	   provided	   sufficient	   resolution	   to	   detect	   polymorphisms	   where	   two	   alternative	  344	   substitutions	  are	  simultaneously	  present.	  The	  secondary	  substitutions	  (the	   third	  most	  345	   abundant	   nucleotides	   in	   the	   reads	   at	   any	   particular	   site)	   that	   would	   have	   been	  346	   qualitatively	   valid	   even	   in	   the	   absence	   of	   the	   second	   most	   abundant	   nucleotide	  347	   substitution	   were	   present	   in	   67	   sites	   in	   the	   Inoculum,	   15	   in	   FLF	   and	   41	   in	   BRF.	  348	   Secondary	   substitutions	   typically	   appear	   at	   frequencies	   below	   0.5%,	   confirming	   the	  349	   large	  amount	  of	  low-­‐frequency	  variability	  in	  the	  samples.	  	  350	   Table	  2	   shows	   that	   transversions	  are	   rare	  among	   the	  validated	  mutations,	   and	   thus	  κ	  351	   (defined	  as	  2Ts/Tv)	  is	  high	  (however,	  similar	  values	  were	  reported	  in	  (8)).	  The	  ratio	  of	  352	   non-­‐synonymous	   to	   synonymous	   substitutions	   in	   the	   open	   reading	   frame,	   dN/dS,	   is	  353	   higher	   for	   FLF	   than	   for	   the	   other	   two	   samples	   because	   of	   the	   presence	   of	   the	   non-­‐354	   synonymous	   mutations	   in	   a	   large	   number	   of	   reads	   at	   positions	   2754	   and	   2767,	  355	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associated	  with	  heparan	  sulphate	  binding	  amino	  acid	  reversions	  within	  VP356	  and	  VP360	  356	   respectively.	   The	   mutation	   frequency	   at	   the	   third	   codon	   position	   is	   only	   marginally	  357	   higher	   than	   in	   the	   first	   and	   second	   positions.	   Taken	   together,	   these	   observations	  358	   suggest	   that	   the	  observed	  polymorphisms	  are	  dominated	  by	  mutations	  arising	  during	  359	   the	   last	  round	  of	   intra-­‐cellular	  replication	  and	  that	  have	  not	  been	  subject	   to	  extensive	  360	   purifying	  selection.	  Further	  evidence	  of	  this	  lack	  of	  selective	  pressure	  is	  provided	  by	  the	  361	   presence	   of	   validated	  polymorphisms	   generating	   STOP	   codons	  within	   the	  ORF.	   These	  362	   mutations	   are	   clearly	   lethal	   for	   the	   virus	   and	   would	   therefore	   be	   removed	   from	   the	  363	   population	  during	  infection	  of	  another	  cell:	  they	  must	  therefore	  have	  arisen	  during	  the	  364	   most	   recent	   rounds	   of	   viral	   replication.	   STOP	   codons	   were	   found	   at	   24	   sites	   in	   the	  365	   Inoculum,	  9	  sites	  in	  FLF	  and	  21	  sites	  in	  BRF,	  mostly	  at	  frequencies	  around	  0.1%	  (with	  a	  366	   single	  exception	  in	  BRF	  where	  a	  mutation	  generating	  a	  STOP	  codon	  is	  present	  in	  0.7%	  of	  367	   the	  reads).	  	  368	   The	  presence	  of	  STOP	  codons	  can	  be	  used	  to	  obtain	  an	  upper	  limit	  on	  the	  mutation	  rate	  369	   (per	   nucleotide	   per	   transcription	   event)	   of	   this	   virus.	   We	   hypothesise	   that	   these	  370	   mutations	  are	  lethal	  and	  are	  therefore	  generated	  in	  the	  last	  round	  of	  cellular	  replication.	  371	   Moreover,	   by	   assuming	   a	   replication	   strategy	   involving	   the	   minimum	   number	   of	  372	   copying	   events	   in	   the	   cell	   (the	   “stamping	  machine”	   strategy,	   see	   (44)),	   we	   obtain	   an	  373	   upper	   bound	   for	   the	  mutation	   rate	   of	  µ	   =	   7.8	   x	   10-­‐4	   per	   nucleotide	   per	   transcription	  374	   event	  (95%	  CI:	  7.4	  x	  10-­‐4	  	  –	  8.3	  x	  10-­‐4),	  in	  line	  with	  previous	  estimates	  (e.g.	  (12,	  13,	  39)).	  375	   Finally,	  we	   can	   ask	  whether	   these	   results	   are	   broadly	   consistent	  with	   those	   acquired	  376	   from	  cloning	  studies.	  In	  ref.	  (8),	  Cottam	  et	  al.	  generated	  26	  viral	  capsid	  clones	  from	  an	  377	   FMDV	  sample	  taken	  from	  a	  single	  lesion	  of	  a	  bovine	  host.	  We	  simulated	  10,000	  sets	  of	  378	   26	   viral	   capsid	   ‘clones’,	   essentially	   bootstrapping	   from	   the	   nucleotide	   frequencies	  379	   revealed	  by	  the	  NGS	  alignments	  to	  be	  present	  at	  each	  site	  within	  the	  capsid	  genes.	   	  Of	  380	   these	  26	  clones,	  the	  median	  number	  of	  sequences	  in	  each	  of	  the	  10,000	  simulated	  data	  381	   sets	   that	   were	   identical	   to	   the	   consensus	   was	   12	   (95%	   CI:	   5-­‐17),	   compared	   to	   15	  382	   observed	   in	  ref.	   (8).	  The	  median	  number	  of	  simulated	  clones	  containing	  1,	  2,	  3,	  and	  4	  383	   differences	  compared	  to	  the	  consensus	  were	  9	  (95%	  CI:	  4-­‐14),	  3	  (95%	  CI	  1-­‐7),	  1,	  (95%	  384	   CI:	  0-­‐3),	  and	  0	  (95%	  CI:	  0-­‐1)	  respectively.	   	  These	  numbers	  correspond	  well	  with	  those	  385	   obtained	  by	  Cottam	  et	  al.,	  (8)	  which	  were	  6,	  3,	  2,	  and	  0	  respectively.	  386	  
Complexity	  of	  the	  viral	  populations	  387	   In	  the	  host,	  the	  viral	  population	  evolves	  via	  extensive	  replication,	  mutation,	  and,	  at	  the	  388	   same	   time,	   selection.	   The	   result	   of	   these	   combined	   processes	   can	   be	   quantified	   by	  389	   computing	  how	  much	  ‘diversity’	  is	  present	  within	  the	  three	  samples,	  using	  an	  entropy-­‐390	   like	  measure	  S	  that,	  site	  by	  site,	  takes	  a	  maximum	  value	  when	  all	  nts	  are	  present	  in	  the	  391	   same	  proportion.	  The	  entropy	  of	  the	  three	  populations,	  computed	  over	  the	  qualitatively	  392	   validated	  sites,	  shows	  higher	  values	   for	   the	   feet	   than	   for	   the	   Inoculum	  (S=0.01138	  for	  393	   FLF,	  S=0.01198	  for	  BRF	  and	  S=0.00841	  for	  Inoculum),	  suggesting	  that	  repeated	  cycles	  of	  394	   cellular	   replication	   during	   passage	   in	   the	   host	   does	   result	   in	   greater	   viral	   population	  395	   diversity	  relative	  to	  the	  Inoculum.	  	  396	   	  397	  
Discussion	  	  398	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This	  study	  describes	  a	  novel	  use	  of	   Illumina	  NGS	  to	   investigate	  the	  population	  genetic	  399	   structure	   of	   a	   positive-­‐stranded	   RNA	   virus	   causing	   an	   acute-­‐acting	   disease	   in	   hosts.	  400	   These	  experiments	  generated	  an	  unprecedented	  amount	  of	  sequence	  data	  and	  required	  401	   a	   new	   systematic	   approach	   to	   confidently	   distinguish	   between	   sequences	   that	   were	  402	   actually	  present	   in	  the	  samples	   from	  artifacts	   introduced	  during	  the	  amplification	  and	  403	   sequencing	  steps	  of	  the	  sample	  processing.	  Results	  obtained	  here	  were	  consistent	  with	  404	   the	   findings	   of	   previous	   investigations,	   providing	   validation	   on	   the	   use	   of	   NGS	   in	   the	  405	   study	   of	   FMDV	   evolution	   within	   a	   host:	   Carrillo	   et	   al.	   (5)	   reports	   an	   average	   of	   1-­‐5	  406	   substitutions	  per	  animal	  passage	  during	  an	  infection	  experiment	  in	  pigs,	  in	  line	  with	  the	  407	   2	   substitutions	   we	   found	   in	   FLF.	   However,	   the	   case	   of	   the	   BRF	   points	   out	   a	   more	  408	   complex	   scenario	   that	   could	  not	   have	   been	   observed	  with	   consensus	   sequences	   only:	  409	   the	   drift	   of	   mutations	   above	   and	   below	   the	   threshold	   needed	   to	   appear	   in	   the	  410	   consensus.	  Apparent	  loss	  and	  subsequent	  regain	  of	  mutations	  during	  the	  transmission	  411	   of	  the	  infection	  across	  hosts	  (5)	  can	  be	  explained	  with	  this	  mechanism,	  which	  is	  made	  412	   more	  accessible	  to	  study	  by	  NGS.	  Moreover,	  the	  statistical	  characteristics	  of	  the	  SSPs	  we	  413	   identified	   (κ,	   dN/dS)	   are	   very	   similar	   to	   those	   found	   previously	   (8),	   further	  414	   corroborating	   the	   validity	   of	   our	   results.	   Finally,	   randomizations	   of	   the	   diversity	  415	   measured	   in	   the	   capsid	   region	   allowed	   us	   to	   obtain	   simulated	   clones	   whose	  416	   characteristics	  in	  terms	  of	  mutation	  were	  analogous	  to	  those	  found	  in	  (8).	  We	  conclude	  417	   that	  NGS	  data	  can	  be	  used	  to	  examine	  the	  nucleotide	  diversity	  of	  each	  genome	  position	  418	   at	  unprecedented	  resolution.	  	  Observing	  the	  mutant	  spectrum	  of	  the	  viral	  population	  at	  419	   a	   fine	   resolution	   will	   provide	   a	   more	   sophisticated	   understanding	   of	   evolutionary	  420	   processes	  shaping	  its	  variability.	  421	   Comparisons	  between	  the	  sequences	  recovered	  from	  the	  Inoculum	  and	  clinical	   lesions	  422	   provide	   new	   insights	   into	   the	   impact	   of	   early	   replication	   events	   on	   viral	   evolution	  423	   within	  a	  host.	  This	  study	  reveals	  that	  only	  a	  few	  sites	  displayed	  mutations	  present	  in	  a	  424	   large	   fraction	   of	   the	   population,	   i.e.	   high	   frequency	   polymorphisms	   (>1%),	   while	   the	  425	   vast	  majority	  of	  the	  polymorphisms	  were	  present	  at	  lower	  frequencies.	  	  We	  hypothesize	  426	   that	   the	   high	   frequency	   polymorphisms	   have	   been	   selected	   over	   multiple	   rounds	   of	  427	   replication	   within	   cells,	   and	   that	   the	   lower	   frequency	   polymorphisms	   most	   likely	  428	   directly	  reflect	  the	  high	  rate	  of	  mutation	  experienced	  by	  these	  viruses,	  as	  our	  estimate	  429	   of	  an	  upper	  limit	  of	  the	  genome-­‐wide	  mutation	  rate	  suggests.	  In	  this	  study	  we	  used	  a	  cell	  430	   culture	   adapted	   virus	   (as	   the	   Inoculum)	   which	   gave	   us	   the	   opportunity	   to	   monitor	  431	   changes	   at	   specific	   loci	   associated	  with	   the	  HS	  binding	   site	   that	  were	  under	   selection	  432	   pressure	   during	   initial	   replication	   in	   a	   mammalian	   host.	   Examination	   of	   these	   sites	  433	   (collated	   in	   the	   Supplementary	   Table)	   reveals	   for	   the	   first	   time	   the	   presence	   of	  434	   intermediate	   stages	   in	   the	   evolution	   of	   the	   viral	   population	   between	   a	   tissue	   culture	  435	   adapted	  genome	  and	  a	  host-­‐adapted	  genome.	  436	   Cordey	   et	   al.	   (7)	   investigate	   the	   dynamics	   of	   Human	   Rhinovirus	   (HRV)	   during	   an	  437	   infection	   experiment	   and	   in	   HeLa	   cells,	   and	   find	   results	   similar	   to	   ours	   in	   terms	   of	  438	   number	   of	   mutations	   fixed	   at	   the	   consensus	   level.	   However,	   while	   their	   approach	  439	   identifies	  hot	  and	  cold	  spots	  in	  the	  HRV	  ORF,	  and	  some	  minority	  variants,	  the	  resolution	  440	   is	   not	   sufficient	   to	   observe	   the	  micro-­‐evolutionary	   processes	   whose	   signature	   lies	   in	  441	   small	   fractions	   of	   the	   viral	   population	   (<2%).	   Moreover,	   their	   estimation	   of	   the	  442	   substitution	   rate	   during	   the	   infection	   is	   based	   solely	   on	   the	   count	   of	   the	   nucleotides	  443	   changed	  among	  those	  analyzed:	  although	  the	  value	  is	  compatible	  to	  our	  genome-­‐wide,	  444	   mutation	  rate,	  we	  believe	  that	  considering	  the	  cellular	  process	  of	  viral	  replication	  (and	  445	   specifically	  assuming	  the	  minimum	  number	  or	  copying	  events	  in	  a	  cell)	  allows	  us	  to	  gain	  446	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a	  better	  insight	  of	  the	  process	  generating	  variation	  in	  the	  viral	  population	  and	  obtain	  a	  447	   more	  stringent	  upper	  bound.	  	  448	   Figure	   5	   reveals	   that	   the	   viral	   population	   sequences	   are	   highly	   heterogeneous	  449	   supporting	  the	  findings	  of	  previous	  studies	  that	  have	  used	  cloning	  approaches	  (10,	  28).	  450	   However,	   the	  massively	   increased	  coverage	  enabled	  by	  NGS	  enables	  the	  nature	  of	  this	  451	   heterogeneity	   to	   be	   established	   at	   much	   greater	   resolution.	   This	   is	   important	   for	  452	   understanding	   viral	   evolutionary	   processes	   because	   heterogeneity	   is	   a	   necessary	   but	  453	   not	  sufficient	  condition	  (23,	  24)	  for	  the	  dominance	  of	  quasi-­‐species	  dynamics	  [see	  (10,	  454	   15)	   and	   references	   therein].	   For	   quasi-­‐species	   dynamics	   to	   dominate	   the	   micro-­‐455	   evolutionary	   process,	   the	   frequency	   of	   a	   dominant	   sequence	   must	   be	   maintained	  456	   primarily	   by	   the	   back-­‐mutation	   or	   recombination	   of	   closely	   related	   genetic	   variants,	  457	   rather	  than	  the	  faithful	  replication	  of	  any	  single	  genome.	  	  This	  requires	  a	  balance	  of	  two	  458	   qualities:	  genetic	  variants	  closely	  related	  to	  the	  dominant	  sequence	  must	  be	  maintained	  459	   at	   sufficiently	   high	   prevalence;	   and	   that	   mutation	   and	   recombination	   rates	   must	   be	  460	   sufficiently	   high	   to	   generate	   the	   observed	  prevalence	   of	   the	   dominant	   sequence	   from	  461	   these	  variants.	  	  Previous	  studies	  have	  examined	  this	  question	  empirically	  and	  concluded	  462	   that	   these	   conditions	  are	   indeed	  met	   in	  many	  RNA	  viruses,	  mostly	   through	   studies	  of	  463	   mutational	   robustness	   as	   a	   selectable	   trait	   (“survival	   of	   the	   flattest”	   effect	   in	   which	  464	   selection	  acts	  not	  on	  the	  dominant	  sequence,	  but	  on	  the	  swarm	  of	  viruses	  immediately	  465	   mutationally	  adjacent	  to	  the	  dominant	  sequence)	  (11)	  (35)	  and	  reviewed	  in	  (19)	  with	  466	   particular	  focus	  on	  Hepatitis	  C	  virus.	  	  However,	  taking	  FMDV	  as	  an	  example,	  given	  that	  467	   there	   are	   ~25,000	   one-­‐step	   mutant	   variants	   to	   any	   one	   sequence	   (3	   alternative	  468	   nucleotides	   at	   each	   position	   of	   the	   ~8,300	   nucleotide	   genome),	   NGS	   approaches	   are	  469	   clearly	  a	  powerful	  tool	  for	  examining	  directly	  whether	  viral	  populations	  are	  structured	  470	   in	  a	  way	  that	  is	  consistent	  with	  a	  quasi-­‐species	  dynamic.	  471	   NGS	  data	   can	   be	   coupled	   to	   evolutionary	  models	   to	   estimate	   parameters,	   such	   as	   the	  472	   genome-­‐wide	  mutation	   rate	   of	   FMDV.	  Here,	  we	   computed	   this	   number	   hypothesizing	  473	   that	   the	   viral	   replication	   strategy	   followed	   the	   so-­‐called	   “stamping	  machine”	  mode	   of	  474	   replication,	   where	   all	   viral	   genomes	   leaving	   the	   cells	   are	   obtained	   as	   copies	   of	   “first	  475	   generation”	  negative	  stranded	  genomes,	  which	  are	  in	  turn	  direct	  copies	  of	  the	  genomic	  476	   RNA	  originally	  infecting	  the	  cells.	  	  For	  this	  reason,	  the	  estimate	  of	  7.8x10-­‐4	  per	  genome	  477	   per	  duplication	  round	  should	  be	  considered	  an	  upper	  bound	  on	  the	  mutation	  rate	  which	  478	   is	  a	  tighter	  estimate	  than	  previous	  figures	  obtained	  for	  other	  RNA	  viruses	  (12,	  13)	  as	  a	  479	   result	   of	   the	   deep	   coverage	   that	   NGS	   generates.	   Were	   the	   replication	   strategy	  480	   “geometric”	  (i.e.	   including	  the	  possibility	  of	  several	  rounds	  of	  positive/negative	  strand	  481	   copying	  before	  exiting	   the	  cell),	   the	  mutation	  rate	  would	  be	  several-­‐fold	   (perhaps	  3-­‐6	  482	   times)	  lower	  (44).	   	  The	  assumptions	  that	  all	  nucleotide	  mutations	  at	  a	  site	  are	  equally	  483	   likely,	  and	  that	  all	  STOP	  codons	  are	  generated	  by	  a	  de	  novo	  mutation	  are	  also	  likely	  lead	  484	   to	  an	  overestimation	  of	  the	  mutation	  rate.	  	  485	   To	   present	   date,	   the	   analysis	   of	   the	   amount	   of	   complexity	   carried	   by	   a	   genome	   has	  486	   mostly	   coincided	   with	   information-­‐theoretical	   measures,	   aimed	   to	   quantify	   at	   the	  487	   entropy	   and	   the	   frequency	   distributions	   of	   short	   oligomers	   (26,	   30).	   This	   approach	  488	   looks	   at	   the	   “horizontal”	   complexity	   along	   a	   genome;	   with	   NGS	   we	   are	   now	   able	   to	  489	   obtain	  the	  closely-­‐related	  sequences	  for	  a	  whole	  viral	  population	  in	  a	  single	  experiment,	  490	   thus	   enabling	   us	   to	   look	   at	   the	   “vertical”	   complexity	   of	   the	   viral	   variants,	   i.e.	   at	   the	  491	   amount	  of	  variability	  present	  in	  the	  population	  at	  each	  site.	  	  492	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A	   viral	   population	  within	   a	  host	   undergoes	   complex	  processes,	   including	   the	  onset	   of	  493	   infection,	  cellular	  replication,	  selection,	  and	  migration	  to	  different	  tissues.	  In	  particular,	  494	   it	   is	   not	   clear	  how	   the	  diversity	   generated	  within	   a	   cell	   propagates	   through	   a	  host	   to	  495	   give	  rise	   to	   the	  amount	  of	  diversity	  we	  observe.	  The	  data	  collected	   in	  studies	   like	  this	  496	   can	  be	  used	   for	  building	  models	   aimed	  at	   understanding	   the	   link	  between	   the	  micro-­‐497	   evolution	   of	   FMDV	  at	   the	   cellular	   scale	  with	   the	  population	  heterogeneity	   at	   the	  host	  498	   scale.	   We	   anticipate	   that	   a	   model	   of	   viral	   replication	   across	   several	   cell	   generations	  499	   within	  a	  host	  will	  produce	  a	  more	  stringent	  upper	  bound	  to	  the	  genome-­‐wide	  mutation	  500	   rate.	  	  501	   Although	  further	  work	  is	  required,	  these	  findings	  strongly	  suggest	  that	  data	  generated	  502	   through	  the	  use	  of	  this	  methodology	  can	  provide	  novel	  insights	  into	  viral	  evolutionary	  503	   dynamics	  at	  a	  greater	  resolution	  than	  previously	  achieved	  for	  a	  positive-­‐stranded	  virus	  504	   such	  as	  FMDV.	  In	  particular,	  the	  genome	  wide	  assessment	  of	  polymorphic	  frequencies	  is	  505	   likely	  to	  be	  an	  important	  asset	  in	  the	  parameterization	  of	  models	  that	  can	  evaluate	  the	  506	   role	  of	  quasi-­‐species	  dynamics	  in	  RNA	  virus	  evolution.	  507	   	  508	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Appendix:	  Statistics	  and	  treatment	  of	  Illumina	  sequences	  521	  
Basic	  statistics	  of	  Illumina	  yield	  	  522	   The	   reads	   obtained	  with	   the	   Illumina	   Genome	   Analyzer	  were	   collected	   in	   .fastq	   files.	  	  523	   The	  first	  run	  consisted	  of	  a	  total	  of	  7,190,884	  reads	  of	  57-­‐nucleotides	  (nt)	  in	  length.	  The	  524	   last	   7	   nts	   of	   each	   read	   defined	   the	   sequence	   tag,	   and	  were	   used	   to	   assign	   individual	  525	   reads	   to	  each	  sample.	  Reads	  containing	  at	   least	  one	  unresolved	  nt	   (387,809,	  5.55%	  of	  526	   the	  total),	  and	  reads	  having	  a	  corrupted	  tag	  (207,749,	  2.89%	  of	  the	  total)	  were	  removed	  527	   from	  the	  analysis.	  The	  6,595,326	  remaining,	  50nt-­‐long	  reads,	  were	  assigned	  to	  the	  three	  528	   samples:	   1,723,151	   (26.1%)	   had	   the	   first	   tag	   (corresponding	   to	   the	   Inoculum),	  529	   2,751,260	   (41.7%)	   had	   the	   second	   tag	   (lesion	   on	   the	   Front	   Left	   Foot,	   or	   FLF)	   and	  530	   2,112,932	  (32.0%)	  had	  the	  third	  tag	  (lesion	  on	  the	  Back	  Right	  Foot,	  or	  BRF).	  531	   The	  second	  run	  yielded	  10,116,147	  79-­‐nt	  long	  reads,	  with	  the	  last	  9	  nts	  containing	  the	  532	   sequence	  tag.	  26,428	  (0.27%)	  reads	  contained	  at	   least	  one	  unresolved	  nt	  and	  288,230	  533	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(2.85%)	   reads	   had	   a	   corrupted	   tag	   and	  were	   removed	   from	   the	   analysis.	   Among	   the	  534	   remaining	   9,801,489	   70-­‐nt	   reads,	   3,775,685	   (38.5%)	   belonged	   to	   the	   Inoculum,	  535	   2,542,913	  (25.9%)	  to	  FLF	  and	  3,482,891	  (35.5%)	  to	  BRF.	  536	   	  537	  
Data	  filtering	  538	   The	   quality	   scores	   associated	   with	   each	   nucleotide	   were	   lower	   on	   the	   first	   run	   and	  539	   decreased	  towards	  the	  end	  of	  reads	  (Figure	  A1).	   In	  order	  to	  make	  direct	  comparisons	  540	   between	  the	  two	  runs,	  we	  trimmed	  reads	  from	  the	  second	  run	  to	  50nt.	  Typically,	  quality	  541	   scores	   decreased	   along	   a	   read,	   as	   the	   reliability	   of	   the	   sequencing	   process	   decreased	  542	   with	  the	  number	  of	  cycles	  of	  the	  Sequencing	  Platform.	  As	  Figure	  A1	  shows,	  a	  trade	  off	  is	  543	   present	   between	   the	   number	   of	   reads	   kept	   and	   their	   quality.	   For	   both	   runs,	   we	  544	   discarded	   reads	  with	   average	   error	   per	   nt	   below	  θ = 0.2%, resulting	   in	   a	   flatter	   error	  545	   profile	  along	  the	  read.	  546	   With	  this	  choice	  of	  the	  threshold,	  66%	  of	  the	  reads	  were	  retained	  from	  the	  first	  run	  (a	  547	   total	  of	  4,361,101	  reads:	  1,060,906	  for	  the	  Inoculum,	  1,736,381	  for	  FLF	  and	  1,328,588	  548	   for	  BRF),	  and	  95%	  of	  reads	  from	  the	  second	  run	  (a	  total	  of	  9,277,876	  reads:	  3,567,541	  549	   for	  the	  Inoculum,	  2,412,897	  for	  FLF	  and	  3,303,438	  for	  BRF).	  	  The	  better	  performance	  of	  550	   the	  second	  dataset	  has	  to	  be	  attributed	  to	  an	  upgrade	  of	  the	  Illumina	  platform.	  551	  
	  552	  
Reads	  alignment	  and	  trimming	  553	   The	   vast	   majority	   of	   the	   filtered	   50nt-­‐reads	   aligned	   unambiguously	   with	   less	   than	   5	  554	   mismatches	   to	   the	   reference	   inoculum	   genome,	   previously	   established	   using	  555	   conventional	  Sanger	  sequencing	  (9)	  (Genbank	  accession	  no.	  EU448369),	  (run	  1:	  92.5%	  556	   for	  Inoculum,	  98.9%	  for	  FLF,	  and	  97.8%	  for	  BRF,	  run	  2:	  95.8%	  for	  Inoculum,	  98.4%	  for	  557	   FLF	  and	  96.2%	  for	  BRF).	  The	  remaining	  reads	  were	  either	  ambiguously	  aligned	  reads	  or	  558	   contained	   a	   large	   number	   (>4)	   of	   mismatches	   to	   the	   reference	   sequence,	   and	   were	  559	   discarded	   from	   the	   analysis.	   For	   each	   sample,	   an	   almost	   equal	  number	  of	   reads	  were	  560	   derived	  from	  positive	  and	  negative	  strands	  of	  the	  viral	  cDNA.	  561	   Further	   filtering	   of	   the	   data	  was	   undertaken	   after	   alignment	   of	   the	   reads.	  Within	   the	  562	   aligned	   reads,	  mismatches	  occurred	  with	   similar	   frequency	  at	   each	  of	   the	  50nt	  of	   the	  563	   reads,	   except	   from	   the	   edges,	   where	   a	   higher	   number	   of	   mismatches	   was	   observed	  564	   (Figure	  A2).	   	  Presumably,	   these	  peaks	  were	  due	   to	  a	  small	  number	  of	   sequences	  with	  565	   insertions	   or	   deletions	   close	   to	   the	   ends	   of	   the	   reads:	   for	   subsequent	   analysis	   we	  566	   trimmed	  away	  the	  first	  and	  last	  5	  nts	  of	  each	  aligned	  read,	   leaving	  only	  the	  40	  central	  567	   nucleotides	  where	  the	  mismatch	  curve	  was	  flat.	  568	   	  569	  
Data	  handling	  570	   All	  data	  handling	  was	  performed	  with	  parsing	  scripts,	  written	  in	  C	  language,	  acting	  on	  571	   plain	  text	  files.	  572	   	  573	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  736	   	  737	   	  TABLE	   1:	   Primers.	   Oligonucleotide	   primers	   used	   for	   the	   amplification	   of	   the	   two	  738	   large,	  overlapping	  FMDV	  genome	  fragments	  studied	  (omitting	  the	  S	  fragment	  up	  to	  739	   and	  including	  the	  poly(c)	  tract),	  for	  both	  the	  first	  and	  second	  run	  740	  PCR	  Set	  	   Primer	  *	   Primer	  Sequence	  (5'	  to	  3')	   Location	  on	   Genome	  +	   Amplicon	  Size	  (bp)	   Overlap	  (bp)	  	  BFS-­‐370F	   CCCCCCCCCCCCCTAAG	   351-­‐366	   4557	  1	   BFS-­‐4926R	   AAGTCCTTGCCGTCAGGGT	   4891-­‐4909	   	  BFS-­‐3876F	   AAATTGTGGCACCGGTGA	   3859-­‐3876	   4317	  2	   BFS-­‐8193R	   TTTTTTTTTTTTTTGATTAAGG	   8155-­‐8176	   	  
1051	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-­‐	   UKFMD/Rev6	   GGCGGCCGCTTTTTTTTTTTTTTT	   poly(A)	  	   	  	   	  	  *	  Last	  letter	  indicates	  a	  forward	  or	  reverse	  primer	  741	   +	  Numbering	  according	  to	  Genbank	  sequence	  EU448369	  742	   	  743	   TABLE	   2:	   Statistics	   of	   polymorphic	   sites.	   General	   statistics	   of	   qualitatively	   and	  744	   quantitatively	  validated	  SSPs	  receiving	  coverage	  larger	  than	  100x.	  Ts:	  transitions	  in	  745	   SSPs,	   Tv:	   transversions	   in	   SSPs,	  κ=2Ts/Tv,	   dN:	   non-­‐synonymous	  mutations	   in	   the	  746	   ORF,	   dS:	   synonymous	   mutations	   in	   the	   ORF,	   1st,	   2nd	   and	   3rd:	   mutations	   in	   codon	  747	   positions	  in	  the	  ORF.	  	  748	   	   Sites	   SSPs	   Ts	   Tv	   κ dN/dS	   1st	   2nd	   3rd	  Inoc	   7755	   2622	   2562	   60	   85.40	   0.651	   0.288	   0.286	   0.427	  FLF	   7730	   1434	   1400	   34	   82.36	   1.065	   0.326	   0.333	   0.341	  BRF	   7710	   1703	   1649	   54	   61.08	   0.680	   0.334	   0.307	   0.359	  
	  749	   FIG.	  1:	  Coverage	  of	  the	  reference	  genome.	  Obtained	  with	  the	  filtered,	  trimmed	  reads.	  750	   Panel	  A:	  first	  dataset,	  panel	  B:	  second	  dataset.	  The	  three	  samples	  (Inoculum,	  Front	  751	   Left	  Foot	  and	  Back	  Right	  Foot)	  receive	  a	  generous	  coverage	   from	  both	  runs,	  while	  752	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fluctuations	  are	  higher	  on	  the	  first	  dataset.	  Average	  coverage	  is	  4873x	  (Inoculum),	  753	   8665x	  (FLF)	  and	  6594x	  (BRF)	  for	  the	  first	  dataset,	  and	  16827x	  (Inoculum),	  11924x	  754	   (FLF)	  and	  15945x	  (BRF)	  for	  the	  second	  dataset.	  On	  top	  of	  the	  figure,	  the	  sequenced	  755	   fraction	  of	   the	  genome	  (nt	  368-­‐8176)	   is	  represented,	   together	  with	  the	  position	  of	  756	   the	  polyprotein.	  	  757	  
	  758	   	  759	   FIG.	  2:	  Frequency	  of	  mismatches	  (first	  dataset).	  Obtained	  by	  aligning	   the	  reads	   	   to	  760	   the	  reference	  genome.	  Panel	  A:	   Inoculum,	  panel	  B:	  FLF,	  panel	  C:	  BRF.	  The	  average	  761	   mismatch	   frequency	   lies	   around	   0.1%	   for	   all	   the	   three	   samples.	   At	   few	   sites,	   the	  762	   mismatch	   frequency	   is	  higher;	  as	  expected,	   the	  number	  of	   these	  peaks	   is	   larger	   in	  763	   the	   FLF	   and	   BRF	   than	   in	   the	   Inoculum.	   A	   small	   fraction	   of	   sites	   show	   perfect	  764	   agreement	  of	  all	  the	  reads	  with	  the	  reference	  genome	  (mismatch	  frequency	  =	  0).	  765	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  766	   	  767	   FIG.	  3:	  Frequency	  of	  mismatches	  (second	  dataset).	  Obtained	  by	  aligning	  the	  reads	  to	  768	   the	   reference	  genome.	  Panel	  A:	   Inoculum,	  panel	  B:	  FLF,	  panel	  C:	  BRF.	  This	   second	  769	   dataset	  has	  higher	  coverage	  than	  the	  first	  one,	  and	  a	  lower	  fraction	  of	  sites	  with	  no	  770	   mismatches.	   The	   average	   mismatch	   frequency	   is	   very	   similar	   to	   that	   of	   the	   first	  771	   dataset.	  772	   	  773	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  774	   FIG.	   4:	   Correlations	   of	   polymorphism	   frequencies	   in	   the	   viral	   populations.	  775	   Correlations	  were	  computed	  between	  the	  two	  runs	  (first	  row)	  and	  within	  each	  run	  776	   (second	  and	  third	  row).	  The	  Spearman	  rank	  correlation	  ρ	  is	  indicated	  for	  each	  pair	  777	   of	  datasets.	  Only	  qualitatively	  validated	  SSPs	  receiving	  coverage	  above	  100x	  in	  both	  778	   runs	  are	  shown.	  The	  correlation	  coefficients	  between	  the	  two	  runs	  in	  the	  Inoculum	  779	   and	  FLF	  are	  similar,	  while	  they	  are	  lower	  for	  BRF.	  The	  remaining	  panels	  show	  that	  780	   the	  first	  run	  is	  more	  correlated	  than	  the	  second.	  781	   	  782	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  783	   FIG.	  5:	  Variability	   in	   the	  viral	  populations.	   Frequency	  distribution	  of	   the	  weighted	  784	   averaged	  mismatch	   frequencies	   between	   the	   two	   runs,	   for	   the	   three	   samples	   (the	  785	   ordinate	   represents	   the	   frequencies	  of	   sites	   showing	   that	   fraction	  of	  mismatches).	  786	   Solid	  lines:	  all	  sites	  receiving	  minimum	  coverage	  of	  100	  in	  both	  runs	  (7,755	  sites	  for	  787	   Inoculum,	   7,730	   for	   FLF	   and	   7,710	   sites	   for	   BRF).	   Dashed	   lines:	   sites	   receiving	  788	   coverage	   of	   100	   or	   more	   in	   both	   runs,	   and	   classified	   as	   validated	   site	   specific	  789	   polymorphisms	  (SSPs)	  (2,622	  sites	  for	  Inoculum,	  1,434	  for	  FLF	  and	  1,703	  for	  BRF).	  790	   All	   lines	   show	   a	   similar	   trend:	   a	   small	   fraction	   of	   the	   sites	   (<1%)	   display	   no	  791	   variability	  in	  both	  runs,	  most	  of	  the	  sites	  show	  a	  very	  mild	  amount	  polymorphism	  in	  792	   the	   viral	   population	   (between	   0.01%	   and	   1%),	   while	   a	   very	   small	   fraction	   of	   the	  793	   sites	  (0.14%	  for	  Inoculum,	  0.22%	  for	  FLF	  and	  0.39%	  for	  BRF)	  present	  variation	  at	  a	  794	   level	   above	   1%.795	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  796	  
	  797	   FIG.	  A1:	  Average	  error	  on	  reads,	  computed	  with	  base	  qualities.	  Panel	  A:	  first	  dataset;	  798	   panel	  B:	  second	  dataset.	  The	  average	  error	  increases	  greatly	  towards	  the	  end	  of	  the	  799	   reads	  (solid	   lines).	  The	  second	  dataset	  was	   less	  noisy.	  Different	   filtering	  strategies	  800	   were	   tested:	   only	   the	   reads	   whose	   average	   error	   was	   below	   a	   threshold	   θ	   were	  801	   accepted.	  More	  stringent	  thresholds	  decrease	  the	  errors	  on	  the	  reads	  (small	  dashed,	  802	   dotted,	  dot-­‐dashed	  and	  dashed	  lines).	  The	  insets	  show	  the	  fraction	  of	  reads	  retained	  803	   after	  the	  filtering	  process	  (using	  a	  threshold	  θ=0.2%)	  and	  retaining	  66%	  of	  the	  reads	  804	   in	  the	  first	  dataset	  and	  95%	  of	  the	  second	  dataset.	  805	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  806	   FIG.	   A2:	   Distribution	   of	   mismatches	   to	   the	   reference	   genome	   on	   the	   reads	   after	  807	   alignment.	  Left	  column:	   first	  dataset,	   right	  column:	  second	  dataset.	  The	  curves	  are	  808	   largely	  flat,	  indicating	  an	  even	  distribution	  of	  mismatches	  over	  the	  reads,	  apart	  for	  a	  809	   mild	   increase	   towards	   the	   edges	   of	   the	   reads,	   possibly	   due	   to	   reads	   containing	  810	   insertions	  and	  deletions.	  We	  kept	  only	  data	  coming	  from	  the	  flat	  region	  of	  the	  curve,	  811	  
i.e.	  nucleotides	  from	  5	  to	  45	  in	  each	  aligned	  read.	  	  812	   	  813	   	  814	   	  815	  
